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Abstract 

The possibility of observing CP-violation in the process 77 — > H is investigated for 
masses of the Higgs particle in the interval Mz < tuh J$ 2m 4 , using a 0.5TeV tunable 
linear e + e~ collider through laser backscattering. The use of polarized beams allows 
the formation of two different asymmetries sensitive to CP-violating New Physics (NP) 
interactions among the gauge and Higgs bosons. It is shown that very low values of the 
corresponding NP couplings can be probed, for a large range of the Higgs mass. 
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1 Introduction 

High energy e~e + linear colliders are crucial in thoroughly investigating the Higgs sector 
of the Standard Model (SM) and beyond. Their significance is twofold: 

Assuming that the Higgs particle really exists and its mass is below ITeV, it is generally 
believed that Higgs production at LHC or in e~e + collisions, through W + W~ fusion or 
e~e + — > HZ, will give a good signal leading to the discovery of the Higgs boson [|l], [J. 

Once the Higgs boson is detected and its mass is measured, one would like to test 
whether its properties are as predicted by SM. This means measuring its width and its 
interactions with the matter and gauge fields. In this respect, it is necessary to check 
whether New Physics (NP) beyond SM exists, which induces new Higgs interactions. The 
e~e + Linear Colliders, applied either directly or in their 77 modef] , provide a very useful 
machinery for such studies. Since in SM the 77^ coupling arises only at the one loop 
level and it is mediated by loops of all charged particles with non zero mass, measurement 
of 77 — > H can reveal the existence of possibly new interactions induced by new heavy 
particles that cannot be directly produced in these next generation colliders [|J. 

In the present work we assume that no new particles responsible for the New Physics 
(NP) beyond SM, will be producible in the future colliders. Moreover, we assume that 
the scale A^p of NP is sufficiently large and that the Higgs particle really exists. Under 
these conditions, NP may be described in terms of dimension = 6 SU(3) x SU(2) x U(l) 
gauge invariant operators creating new CP conserving and CP violating couplings [Q. A 
complete list of such operators inducing purely bosonic CP conserving couplings among 
the Higgs and the gauge bosons can be looked at || || [7|]. 

On the other hand, the complete list of the dim = 6 purely bosonic CP-violating and 
SU(3) x SU(2) x U(l) gauge invariant operators, may be represented as 



- e ijk W^Wl x W 

Jijk <-T ^ U X^ 



(1) 



(2) 

(3) 
(4) 

(5) 




($t$) SaG^ ■ 




(6) 



where e.g. = \e K \^yW KX . This list of operators differs from the one in || || 
respect that we have included the gluonic operators Oq and Ogg and omitted 



in the 



6 B <, = i(D^B>"(D v $) , 



(7) 
(8) 



We assume here that such a 77 Collider will some day be feasible. 
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since they are related to the operators in (|l|-|]) through 



Ow<$> — 7 Oww + 7T Obw i (9) 



4 2 

= jd BB +^d BW , (10) 



imposed by the Bianchi identities D^W^ = 0. In (0, ||), is the usual gauge covariant 
derivative. Various dynamical scenarios for the arising of the operators (]l|-|6|), have been 
discussed in |Tl| [7]] . Motivated from these we note in particular, that the gluonic operators 
Og and Oqg are easily generated whenever the heavy particles inducing NP are coloured. 

Concerning the list (HH|), we remark that Ow and Obw are the only operators involv- 
ing triple electroweak gauge boson couplings (TGC), while Oww, Obb and Oqg contain 
only Higgs NP interactions and no TGC. Instead of this parameterization, another in 
principle equivalent one could had been given by the list in (|1|, |2], ^|-|) . We prefer the first 
parameterization though, because it clearly separates the triple gauge boson couplings 
(TGC) possibly induced by NP, from the Higgs involving interactions, which could also 
be generated. Because of their ability to induce TGC, the operators Ow and Obw are 
already quite strongly constrained by the existing information on the neutron and electron 
electric dipole moments More precisely, only one combination of these two operators 



is in fact constrained by the electric dipole moments, but these constraints may be further 
improved (for both operators) in the future, by e~e + — > WW studies through polarized 
beams in the Next Linear Collider (NLC) at 500GeV and above |y| . 

Our aim here is to concentrate on possible NP effects involving only the Higgs in- 
teractions with the electroweak gauge bosons. We are of course aware of the fact that 
naturality, together with the use of the list of operators in ([I], ^ |5|-^]) as an NP basis, have 
been invoked to argue that the present very strong constraints on the CP violating TGC, 
would suggest that it would be very improbable to have any non- vanishing Higgs-gauge 
boson NP couplings also || |TTJ. Nevertheless, we feel that a direct measurement of such 
interactions is still very useful and important. Particularly because in the case studied 
here, where it is assumed that no new particles would be producible in the future; the 
study of the underlying nature and interactions of the obscure Higgs particle seems to be 
a prime candidate for supplying crucial hints on NP. 

In e~e + , 77 and cy collisions producing gauge and/or Higgs bosons, both, the CP- 
conserving and the CP- violating boson interactions contribute P, O, [I3f| . In order to be 
able to disentangle the CP violating Higgs interactions, suitable processes and polariza- 
tion effects must be looked at || [L5|, [16], [TTj. Such CP violating purely electroweak NP 



couplings are described above by the operators Oww and Obb- In principle, it should be 
possible to disentangle these two operators by studying suitable polarization effects and 



angular dependencies in e~e + — > Hj, HZ ||, [16], [H]], as well as in 77 — > WW |T8], g], 
and in single Higgs production. 

In this paper we study 77 — > H for suitably polarized laser and e ± beams and con- 
struct two asymmetries which are sensitive to CP violating Higgs gauge boson interactions. 
These asymmetries are analogous to those used in M for studying 77 — ► WW. It turns 
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out that they are both sensitive to the same combination of the Oww an d Obb couplings. 
The high photon luminosities expected in these machines though, combined with a rea- 
sonably expected adequate understanding of the background, guarantees that a very high 
sensitivity to this coupling combination, should be possible. Augmenting this information 
with the one obtained from e~e + — > H^y, HZ, will allow a thorough study of all possible 
CP violating Higgs involving interactions, induced at the level of dim = 6 gauge invariant 
operators. 

2 Polarization asymmetries sensitive to CP violation 

in 77 —> H. 

Polarization effects in the process 77 — > H provide a very efficient way of disentangling 
the operators Oww and Obb from the rest of the CP-conserving and the CP- violating 
dim = 6 SU(3) x SU{2) x U{\) gauge invariant interactions; (compare (|3|, 01) ). The 
effective Lagrangian describing the part of NP induced by these operators is 

C-np = —zOww~\ — tObb , (11) 

where v = 2Mw / 'g ~ 2A6GeV. From this we calculate the NP contribution to the T^ lfl2 
amplitude for 77 — > H, where /ii and \ii are the helicities of the two incoming photonsQ. 
We remark that CP-transformation implies for this amplitude that 

■^1^2 = + M2 — W 1 (12) 

where the upper (lower) sign is valid for the CP-conserving (CP-violating) part of the 
amplitude. 

In Appendix A we give the density matrix 1Z (in the helicity basis), of the two col- 
liding photons, produced by backscattering of two laser beams from the incoming highly 
energetic e ± . Using ( |A.19| ), we write 

-(77 - H) = -^^T W2 T; iW (pZ.pZ,) , (13) 

I aT ) t=t„ S eetn H ^ 

where the 77 luminosity has been defined through (|A.21| , [A.8| , |A.9|) , th = rnn/ s ee, while 
the normalized density matrices of the two backscattered photons are given by (|A.4j) as 



„BJV 



If 1 + &{x) -Zi3(x)e- 2i * 



9 " 2\-fa(x)e + »* l-&(x) 

- n BN U 1+6(3) ~liMe 2i *\ nn 
9 2\-lMe-^ I -MX) I ' 



2 The phase of T is defined by its connection to the 5-matrix as S = 1 + iT. 
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In the definition of the azimuthal angle ft for the second photon in the last equation, the 
sign has been changed to take care of the fact that we choose to define it not around its 
own momentum, but rather around the momentum of the oppositely moving photon. 
The 77 — > H cross section defined in (|i~3"D is then given as 



a(77 -> H) 



dC^(r) 
dr 



unp 



+ (6363) cos[2(y? - £)]Ej + (63^13) sin[2(y? - ft)\L 2 + (f 2 + 6>S 2 



(15) 



where the averages of (the products of) the £j parameters, determining the density matri- 
ces of the backscattered photons, have been defined through (|A.22| , [A.23| , |A.19|) . In ( |15"D 
we have used the definitions 



(16) 
(17) 
(18) 
(19) 





7T 


i\T ++ 


2 + |T_ 


unp 


4s ee m 2 H 


Si 


71 


Re(T + 


+ T*_) = 


2s ee TTlfj 


s 2 


71 


Im(T_) 


-+?*-) 




S3 


71 


i\T ++ 


2 -|T_ 


4s ee m 2 H 



■'unp ; 



According to (|T2|), only £ 2 and S3 are sensitive to the CP violating NP couplings to 
linear order. Thus, to 1-loop order in the SM contribution, and to linear order in the CP 



violating NP couplings of (pT|), we have 

G F m 2 H a 2 



J unp 

Si 

s 2 

S3 



VTS ee 
2 „,2 
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lQV27TS ee 

—GFm 2 H<y 



-F t + 



4 



7^t + ^1 



— Re i-F t + F w j (ds 2 w + d B c 2 



Jm I -F t + F w ) (dsw + d B Cw) 



V2 



(20) 
(21) 
(22) 
(23) 



where F t and which denote the top and W loop SM contributions, can be found in 



The expected annual number of events for double laser backscattering in e~e + colliders, 
is obtained by multiplying the cross-section in ([13]) with the annual luminosity C ee ~ 
20/6~ 1 year~ 1 for a 0.5TeV collider. Therefore 



N, 



£ee 0"(77 H) . 



(24) 
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We next construct the two possible CP-odd asymmetries. The first may be observable 
whenever there are non- vanishing average linear polarization parameters £13 and £13 for 
the two colliding photons. It is obtained by performing measurements for two different 
values of the angle \ = <p — (p between the linear polarizations of these photons. It is 
given by 



-4 



I'm 



\N TH (X = 1)-N TH ( X = -1 
AUX = !) + AUX = -| 



(£1363) 

1 + (66) 



.4 



l in 



with 



-4 



I'm 



J unp 



(25) 



(26) 



As seen from (P6|) , An n is determined through ( P0| , |22|) solely by the CP- violating NP 
induced quantity E 2 . 

The construction of the second CP violating asymmetry is possible whenever there is 
a non vanishing average for the sum of the circular polarizations (£ 2 + £2) of the two back 
scattered photons. This requires large average helicities for both, the laser and the 
beams, (see the Appendix). Using (|TJ) and remarking that the sign of (£ 2 + £2) changes 
whenever the signs of (P e , P 7 ) and (P e , P 7 ) are simultaneously changed, we construct the 
asymmetry A C j rc by making measurements with two opposite values of these polarization 
pairs. We thus get 



Ac 



\N++ - N, 



TH 



N++ + N~- 

TH Th 



1(6 + £ 2 )| 
1 + (66) 



with 



Ac 



J unp 



(27) 



(2f 



Each one of the asymmetries Au n and A circ is a product of two factors: The first 
one originates from the degree of polarization of the two photons building the collider, 
while the second one depends on the product of an SM 1-loop contribution and another 
contribution sensitive to the CP violating NP interactions. This second factor is denoted 
respectively by Au n and A circ , and satisfies Au n (SM) = A circ (SM) = in the SM case. 
To study observability limits for the NP couplings from the use of these asymmetries, 
we need the expressions for the expected 1-standard deviation statistical uncertainties for 
each of them in the SM case. These are 



8A Un {SM) 



SA circ (SM) 



|i + (66)| 



(Nt h (x 



~ f) (6363) 



(66) 



(iV++ + iV T ~-)(£ 2 + £ 2 ) 



(29) 



(30) 



We also note from (|22| , [23]) , that both asymmetries measure the same combination 
+ dsCw of the NP couplings called d 77 in UTTf . 
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3 Testing CP violation in 77 —> H through an e e + 
collider. 

As explained in the Appendix, the polarized photons needed to study the CP violating 
contributions to 77 — > H, are obtained by double laser backscattering from the e~, e + 



beams [£(], [14]]. The outgoing photons are produced almost in the same direction with 
e~, e + . All relevant formulae for the description of the Compton scattering kinematics 
in this framework, are collected in the Appendix. Here we only note that these are 
characterized by two dimensionless parameters, xo = AEuo/ml and x = u/E, where E 
is the energy of the electron beam, ujq is the laser energy and x is the fraction of the e~ 
beam energy carried away by the final photon. The maximum value of x is determined by 
xo, through the relation x max = xq/(1 + xo). Operation of the collider below the e~e + pair 
production threshold sets an upper limit to the value of xq, so that x < 2(l + v / 2). Thus 
the final photons can take, as much as ~ 83% of the electron beam energy; compare ( |A.5| ). 
A lower limit in the value of Xq is also set for each specific process under consideration, by 



the masses of the particles produced in the process studied ||15|| . Therefore, the allowed 
range for xq, for a given e~e + center of mass energy is 



j ^— n <x <2(l + v / 2) , (31) 



yfl - Yl m i 

i=l 

where the sum includes all produced masses in a 77 collision. 



There are various general options for operating the photon-photon collider [14 



The conversion point (CP.) where the Compton backscattering occurs, may be a 
few cm away from the interaction point (LP.) where the 77 collisions take place. 
Since the most energetic photons are those with the smallest scattering angle, it is 
only those that finally manage to reach the LP. Therefore, the further away from 
the LP. the conversion occurs, the more monochromatic the photon beam becomes, 
(but with some loss in the integrated luminosity of course). This particular set up 
can be very advantageous for processes where production of some resonance occurs, 
whose mass is a priori known. In this case, the collider may be tuned, so as to 
operate in a narrow window around the relevant specific value of the invariant 77 
mass pTi p2"|. This way, there is also the possibility of reducing the background in 



cases where the cross-section of the main process dominates. 

Choosing a configuration where LP. and CP. coincide, makes the photon spectrum 
rather flat in the unpolarized and the P e P 7 > cases, which may be useful for 
searching particles with unknown masses. It may help also in the simultaneous 
study of more than one processes, dominating at different regions of the invariant 
77 energies. 
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We turn now to the specific properties of the process 77 — > H in the Next Linear 
Collider. Assuming that the mass of the Higgs boson has been measured before, in the 
e + e^ mode or perhaps at LHC, it may be possible to tune the parameters of the collider 
so that it operates, (to some extent), in a narrow window around the Higgs mass. The use 
of polarized beams in searching for any CP violating new interactions among the gauge 
and Higgs bosons is investigated in this section [Q, 16 , ^| . The measurements of the 



two quantities A^ n and A circ , which mostly require different polarization conditions, are 
considered separately. 



A. Measurement of A 



liri 



As seen from (p5), the measurement of Au n requires laser beams with some linear 
polarization P t . Then, the resulting photons building the photon-photon collider are also 
polarized in the same direction. The degree of linear polarization transferred to them, 
£13, depends on the parameter xq (determining the maximum collider energy) and on P t . 

This Stokes parameter £13 is given in ( |A.11| ), as a function of its fractional energy x 
p0|1 . As explained in the Appendix and shown in Fig. 3b, the degree of linear polarization 
£13 is very small for low energy photons, while it tends to its maximum value £,i3 ma x = 
2(1 + Xq)/[1 + (1 + xo) 2 ]P t , when x — > x max . It is obvious from this, that in order to 
increase the linear polarization transferred from the laser beams to high energy photons, 
it is best to have a machine design such that Xq is as small as possible. However, when 
xq decreases, the highest Higgs mass producible through 77 — > H in a given collider, also 
decreases. The best choice should therefore be decided by tuning the collider after the 
Higgs particle discovery and the measurement of its mass. 

Before discussing the actual measurement of An n , we should comment a bit about 
the background for detection of 77 — > H — > X. In the case that mjj < 150GeV , in 
which H —>■ bb dominates, the main background process is 77 — ► bb. This background 
however, is strongly peaked in the forward-backward direction, while the Higgs decay 
is isotropic in the Higgs frame. It may also be interesting to utilize laser beams which 
are partly circularly and partly linearly polarized, like e.g. P y — P t — l/y/2; compare 
(|A.1| , |A.2|) . Because then the backscattered photons acquire circular as well as linear 
polarizations, which may be useful in further reducing the 77 — > bb background; since 
its dependence of on the Stokes parameters is very different from the Higgs mediated 
contribution given in ([15]). More specifically, the background is strongly suppressed for 
(£262) — +!• Concerning the magnitude of this background, a detailed discussion can be 
found in where there is also a plot of the minimum and maximum masses for which 
the number of predicted Higgs signal events (S) and background events (B) are such that 
S > 10 and S/VB > 5. We note that these conditions are satisfied for Higgs masses in 
the range 100 — 150Ge^, for all possible degrees of polarization |24| . 

On the other hand, for the Higgs mass range 200 < m# < 350GeV for which the 
relevant Higgs decay mode is H — > ZZ — > l~l + X, we note that the background should 
be very small, since there is no SM tree level contribution to the 77 — > ZZ continuum. 
Combining this with a ZZ detection efficiency of ~ 18%, it is concluded in p]J that the 
Higgs study in the above mass range is determined by the absolute event rate only. 
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Using therefore (partially) linear polarizations we should be able to measure the Au n 
asymmetry defined in fl25|) , which in turn determines Ai in and the combination ds^+dBCw 
of the NP couplings; (compare (^)). To get a feeling on the possible limits that can be 
established, we plot in Fig.l the ratio 

NSD ta 4* s lA^M) ' < 32 > 



where ( p6| , |29|) should be used. This ratio describes number times the measurable factor 



Aii n , exceeds its expected statistical fluctuation in SM, for various choices of the NP 



couplings |L8], |T|, |J. Fig.l presents NSD for for a ^/s^T = 0.5TeU collider, using the 
small value of xq = 0.5, as motivated above. 

The sensitivity to the NP coupling combination ds^r + rf^c^/, which can be reached 
by studying Au n , depends on the Higgs mass. It can be obtained from Tables I and II, 
where the NP couplings inducing a 3a effect are tabulated, using an integrated annual 
luminosity C ee ~ 20/6 _1 year _1 for a 0.5TeV Collider and various values for xq [|2T|. As can 
be seen from these tables, the sensitivity to the above NP couplings generally increases 
as Xq decreases. 

The results in Table I apply for 100 < m# < I'bQGeV and were derived on the basis 
of the H —> bb mode for which a 25% detection efficiency is assumed, ^IJ, [1], 0. In fact, 
this is also what determines the overall number of the (ip — (p) averaged events in the last 
column of the Table I. Thus, if 100 < mn < 150Ge\^, then limits on the NP coupling 
J 77 = ds^ + ds^w are a ^ the level 10 -3 — 10~ 4 seem possible. In Table I we give results 
for P t = 1 as well as for P t = (in parentheses), in order to give a feeling of the 

possible implications from using laser beams with a partial circular polarizationP]. 

On the other hand, the results in Table II apply for 200 < m# < 350Ge^ and were 
derived on the basis of the H — > ZZ — > l~l + X. In both Tables I and II, it is always 
checked that the number of expected events for the chosen decay channels is of the order 
of a hundred, for all Higgs masses considered and a 0.5TeV collider. 

For the high m# part in Table II, we should also remark that as the Higgs mass 
increases, the sensitivity to the NP CP-violating couplings is reduced. The reason is 
that the lower limit for the x$ parameter also increases and consequently the degree of 
linear polarization transfer decreases; (compare ([H])). On top of this, there is a further 
reduction of sensitivity, since A [in , being proportional to the real part of SM contribution, 
decreases as m# increases. However, as seen from Table II for Higgs masses in the region 
200-250GeV, sensitivity limits on the NP couplings like {ds^ + d,B(?w) ~ 10~ 3 — ^ 2 can 
be obtained at the 2a or 3a level, from measurements of Ai in . 

B. Measurement of A circ 

Eqs. (|27| , |A.10|) indicate that the measurement of A C i rc require the existence of cir- 
cularly polarized photons, which may be obtained by backscattering similarly polarized 
laser beams from polarized e^. Both, the energy spectrum of the resulting photons and 

3 Remember the preceding discussion concerning the bb background. 
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the degree of the polarization transferred, depend on the way we choose the initial average 
helicities, as well as the conversion and interaction points; (see Appendix and |20|, [18|, [14]]). 
If CP. and LP. coincide, this spectrum is rather flat for P e P 7 > 0, and peaked towards 
the higher energies for P e P 7 < 0; (compare Fig. 3c). 

As for the Au n case, the statistical significance of a possibly non vanishing value 
induced by NP to A circ , is again given the number of times this asymmetry exceeds the 
expected statistical uncertainty in SM; i.e. 

NSD for **> = • (33) 



where (p8|, p0| ) should be used. Note that A circ (SM) = 0. 

The numerical study of ( P7|) indicates that the measurement of A circ depends very 
sensitively on the average polarizations along their momenta of the e ± beams P e , P e , and 
of the laser photons P 7 , P 7 . On the other hand, since the Higgs particle has no spin, 
in order to enhance its production we must choose the same average helicities in both 
arms of the collider; i.e. P e = P e and P 7 = P 7 . If a configuration is selected in which 
the conversion and interaction points coincide, then we could choose P e P 7 = +1, where 
the backscattered photons acquire for most of the energy range, a mean helicity of the 
same sign as the initial ones, and only very near to the maximum energy this helicity 
changes sign; (see Fig.3c in the Appendix). In this way the best polarization transfer is 
achieved (nearly 100%) for almost the entire range of the invariant 77 masses, where the 
luminosity is also significant. 

If, however, a distance is put between CP. and LP., then choosing the polarizations 
such that P e P 7 = P e P 7 = —1 enhances the production of photons with the highest 
energies, leading thus to a gain in luminosity. Assuming that the Higgs mass is known 
and tuning the collider so that the most energetic photons are the ones contributing to 
Higgs production, allows a most efficient use of their high circular polarization which 
facilitates the measurement of A C { rc . This is what is done in Fig.2a below. 



It is also important observe from (28, ^), that A circ is proportional to the imaginary 
part of the SM contribution to the 77 — > H amplitude, which is very small for m# < 
2M\y. This imaginary part starts becoming appreciable only above the Vriy-threshold. 
Therefore, a measurement of A C i rc can be useful only for ran ^ 2M^, where the most useful 
Higgs decay mode is H —>■ ZZ — > l + l~X decay. Thus in Fig. 2, we plot NSD for A C i rc for 
2M Z < mil < 350Ge^ and various values of the NP coupling combination ds^ + dsc^- 

Fig. 2a corresponds to P e P 7 = —1, while Fig. 2b corresponds to P e P 7 = +1. The other 
parameters in these figures are chosen so that they facilitate the measurement of the A circ 
asymmetry. Thus for the case of Fig. 2a, where the spectrum of the backscattered photons 
is peaked towards the high energy side, we use the highest value of xo possible, namely 
xq = 4.82, as well as collider whose energy is tuned to the Higgs mass like ^J~sTe = m H /0.75. 
On the contrary for Fig. 2b, corresponding to a rather flat spectrum of backscattered 
photons, we do not tune s ee to the Higgs mass, but we just fix ^J~s^ e = 0.5TeV and xq = 4 
[PHI - The plots in Fig.2ab assume that CP. and LP. coincide. 
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In Tables III and IV we also give the 3a sensitivity limits to the above couplings 
from A circ , as a function of m#, using the above polarization choices. In these tables we 
fix the energy to y/s ee = 0.5TeV, and vary x . It can be concluded from these Tables 
that sensitivity limits like (ds^y + dsc^) ~ 10~ 4 , should be possible in the whole range 
2M Z <m H < 350GeV. 



4 Final discussion 

We have shown in the present work that if the Higgs particle predicted by SM really exists, 
then the study of the process 77 — > H using polarized beams in Next Linear Colliders, 
provide a very sensitive test for the existence of any CP-violating interactions among 
the gauge and Higgs bosons. Various polarization configurations for the e ± beams and 
the laser photons give complementary information and provide consistency checks for the 
study of such couplings. In particular, if the Higgs mass is in the range of (100-150)GeV, 
then linearly polarized laser beams may be used in a ~ 0.5TeV e~e + collider, in order to 
measure the asymmetry Au n defined above, which is sensitive to CP-violating NP induced 
interactions. This way sensitivity limits on the CP violating NP coupling dsyy + dpc^ 
may be obtained at the level of 10 -3 — 10~ 4 ; (compare Table I). 

If the Higgs particle is in the range 2Mz < tuh ~ 200GeV, then the most efficient way 
to look for CP violating NP interactions, is through measurement of the A C i rc asymmetry, 
using circularly polarized beams. In this case, non vanishing average helicities for the 
electron as well as the laser beams are necessary, in order to have good sensitivity to the 
anomalous couplings. We have also seen that in case P e P 7 > 0, it may be useful to try a 
tunable Linear Collider. Thus, also for these higher masses, the sensitivity limits on the 
NP coupling dsyy + dsc^ are again at the 10~ 4 level; (see Table III, IV). 

In both cases, it should be possible to disentangle the CP violating forces, from the 
CP conserving ones affecting the same processes. 

From the theoretical point of view, a nonzero value for any of these anomalous cou- 
plings provides, through unitarity, a hint on the related NP scale A^p. Therefore, it is 
interesting to translate the above sensitivity limits for the couplings, to corresponding 
lower bounds on NP scales. Assuming that only one of the operators Oww or Obb acts 
at a time, the unitarity requirement gives the relations |17 



^ 195.8(Mw/Anp) 2 , , 

1 Bl ~ \ + im(M w /k NP y ' 1 ; 

Using then a non vanishing value for the corresponding NP coupling at the level of the 
aforementioned sensitivity limits, we calculate from the unitarity relations the scale Atvp 
where unitarity is first reached. In general A^p depends on the operator considered. Its 
value provides a rough estimate of the energy scale where either new strong interactions 
will develop, or new particles will be produced. From (R5) and the above sensitivity limits, 
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we would conclude that the study of 77 — > H at a 0.5TeV collider can probe NP scales 
in the range of 10-20TeV, in case NP is generated by Oy/w- Because of (j35|), this scale 
increases to 30-50TeV, if we assume that the NP forces are due to the operator Obb- 

In summary, using polarized beams for realizing the 77 colliders, it is possible to 
construct observables sensitive only to the CP-violating NP couplings, and thereby dis- 
tinguish them from the CP conserving ones. This is not attainable if unpolarized beams 
are only used. The overall conclusion for the dim = 6 gauge invariant NP interactions 
considered above, is that single Higgs production in 77 collisions at 0.5TeV tunable linear 
Collider, can be used to put limits on the NP coupling ds^ + d B Cw at the 10~ 3 — 1CT 4 
level, for Higgs masses in the ranges 100 < m H < and 200 < m H < 350GeV '. 

This information is complementary, and at least an order of magnitude more precise than 
the one attainable through production of WW pairs in 77 collisions, where the same 



combination of NP couplings is measured [§, |25|, [L3[ . Information on independent combi- 
nations of the CP violating couplings at the level of 10~ 2 may be obtained by looking at 
e~e + — > i/7, HZ |17|, || 16f . Thus, a combination of such measurements should be able 
to constrain separately each of the two CP violating couplings d and ds at the 10 -2 level. 
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Appendix A : Density matrix of backscattered photon. 

Following |2(J , we collect in this appendix the formulae describing the helicity density 
matrix of the photon produced by backscattering a laser photon from an incoming highly 
energetic e ± beam. 

We denote by E the energy of the incoming beam, while P e = 2A e describes its 
polarization along its momentum, and A e is its average helicity. The e ± beam is assumed 
to collide with a laser photon moving along the opposite direction with energy uj q and 



characterized, in the basis of its helicity states, by the normalized density matrix [26 



Plaser ~ 2 ^ I - P^ ) ' 1 ' 

Here P 7 describes the average helicity of the laser photon and Pt denotes its maximum 
average linear polarization occurring of course along a direction perpendicular to the 
photon momentum, described by the azimuthal angle ip (with respect to this momentum). 
By definition 

< P 7 2 + Pi < 1 . (A.2) 

After the Compton scattering of e ± from the laser photon, the electron beam looses 
most of its energy and a beam of "backscattered photons" is produced, moving essentially 
along the direction of the original momentum and characterized, in its helicity basis, 
by the density matrix 

BN 





dN 


P B 


dx ^ 


BN 


= \(- 







(A.3) 



£ 13 (x)e +2 ^ 

where x = uj/E and xo = AEujo/m 2 e \ with u being the energy of the back-scattered photon, 
and uq, E have been defined above. These satisfy the kinematical constraints 

< x < x max = , < x < 2(1 + y/2) , (A.5) 

1 + x 

which implies that the backscattered photon can take up to 83% of the energy. In 
analogy to ( |A.2| ), the elements of p BN also satisfy 



0<£ 2 2 Or)+£i 3 M<l • (A.6) 

In (|A.3|) , dN/dx is the number of backscattered photons per unit of x, normalized 
to a unit of flux for the incoming e beam; while p BN is the normalized photon density 
matrix, (Trp BN = 1). We note from ( A.4 , |A.1| ), that the azimuthal angles of the maximum 



average linear polarizations of the backscattered and the laser photons, defined around 
their respective momenta, are the same. The functions appearing in ( |A.3| , A.4 ), which 
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determine the spectrum of the backscattered photon immediately after its production at 
the conversion point, are given by [^0| 

(A.7) 



dN{x) C{x) 



where 



dx D(xq) 

C(x) = f (x) + P e P,f 1 (x) , (A.8) 

D(x ) = D (x ) + PePyD^xo) , (A.9) 

Ux) ~ c&) ' (A ' 10) 

6.W = , (A.11) 



fo(x) = t- — +l-i-4r(l-r) , (A.12) 

1 — X 

f x {x) = _?_(l-2r)(2-a0, (A.13) 
1 — x 

f 2 (x) = x r[l + (l-x)(l-2r) 2 ] , (A.14) 

f 3 (x) = (l-2r)(^—+l-x) , (A.15) 

r( x ) = —— r , (A.16) 



x (l - x) 



and 



-■ in a .v 



DlM = y o & A( x) = [1+ l ]ln(1+Io) -5 + _^__2_, (A . 18) 

where x max is defined in ( |A.5|) . 

The elements of density matrix of the backscattered photon, for various choices of the 
e^ 1 polarization P e , and the laser parameters xq and (P 7 , P t ), are presented in Fig.3abc. 
Thus, in Fig. 3a, we give the backscattered photon flux dN/dx as a function of x. As 
seen from ( |A.7] - |A.9| ), dN/dx depends only on the product P e P 7 and the parameter x 



determining the highest value of x through (|A.5|) . In Fig. 3b, the average linear polarization 
£13 of the backscattered photon is shown. As seen from comparing Fig.3ab, the demand 
of a high linear polarization would favour a small value of Xq, which has the drawback 
that the highest energy of the back scattered photon decreases. Finally, in Fig. 3c, we 
present the average circular polarization £ 2 of the back scattered photon as a function of 
x, for various choices of P e , P 7 and xq. As seen in Fig. 3c, the x-dependence of £2 is quite 
sensitive to the relative sign of P e , P 7 . 

If an e~e + Collider is transformed to 77 one by using two identical lasers, then the 
(unnormalized) density matrix Tt^^ni'^i °f the 77-pair in their helicity basis, is related 
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to the p B , p B matrices by (compare ( |A.3|) ) 

^ t~) / \ B /^^\ —B f dx ^ / \ —B ( ^~ 



<l£r{T) (pZ.pZJ > (A.19) 



dr 



where 



r = ^ , (A.20) 



with s ee and s 77 being the squares of the cm. energies of the e~e + and 77 systems re- 
spectively. In the r.h.s. of ( |A.19| ), dC 11 /dr is the overall 77 luminosity per unit e~e + flux, 
defined by the convolution of the separate 7 luminosities appearing in ( |A.7 - A.9| ). If the 



conversion points where each of the two photons are produced through laser backscatter- 
ing, coincide with their interaction point, then 

dC n 1 f Xmax dx 



dr D 2 (x ) 



-C(x)CP) . (A.21) 

t x \xs 



We note from ([A.8 , |A.9| ), that the overall flux of the backscattered photons depends on 



P e as well as on the circular polarization of the laser photons used to produce them. The 
definition of gLC 77 /dr specifies also the definition of the "averages" (pf^/P^L/) appearing 
in the r.h.s. of ( |A.19| ) for the two photons. These averages may also be used to define 
(6363), (6 + 6), using the form of Q. Thus, 



(6 + 6> = ' C % + ff g » . (A,3) 

The above assumption that the conversion and interaction points coincide, may most 
probably not be imposed when the 77 collision experiments will be designed. Even in such 
a case though, the main modification we would need to make in the preceding formulae is 
to appropriately increase the lower limit in the integrals in ( |A.19| , |A.21|) . Thus, increasing 



the distance between the conversion and interaction points, will tend to select only the 
highest energy part of the spectrum for each of the beams of the two colliding photons. 
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TABLE I. 3a upper bounds on CP-violating NP couplings from Au n asymmetry, using 






H — > bb for the two polarization choices: 


Pt = 


Pt = 


1, P 7 = P 7 = 0, (P t = P t = 


= P 7 = P 7 = l/y/2, P e = Pe = 1). 


m H (GeV) 


x 


upper limit on dsc^ + ds^ 


(ip — (^)-averaged Events 




0.5 


10~ 3 (2xl0~ 3 ) 


197 (168) 


100 


0.8 


2xl0~ 2 (1.6xl0^ 2 ) 


184 (233) 




1 


0.12 (0.05) 


160 (255) 




0.5 


5xl0~ 4 (8.5xl0" 4 ) 


200 (160) 




0.8 


8x10^3 (6xl0- 3 ) 


207 (223) 


120 


1 


0.05 (0.017) 


192 (264) 




1.5 


0.16 (0.11) 


175 (306) 




0.5 


4xl0~ 4 (6.5xl0" 4 ) 


144 (111) 




0.8 


5x10^3 (3.2x10-3) 


159 (143) 


140 


1 


0.03 (0.01) 


156 (181) 




1.5 


0.09 (0.06) 


147 (237) 




2 


0.22 (0.22) 


138 (252) 




0.5 


5xl0- 4 (8xl0" 4 ) 


85 (64) 




0.8 


4.3x10-3 (3xl0- 3 ) 


106 (87) 


150 


1 


0.023 (0.008) 


107 (113) 




1.5 


0.08 (0.05) 


102 (157) 




2 


0.2 (0.2) 


97 (174) 
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TABLE II. 3cr upper bounds on CP-violating NP couplings from Au n asymmetry, using 
H — > ZZ — ► r/ + X with P t = P t = 1, P T = P T = 0. 


m# (GeV) 


x 


upper limit on dsc^y + ds^ 


(tp — (^)-averaged Events 


200 


0.8 


io- 3 


76 


1 


1.5xl0 -3 


88 


1.5 


7xl0~ 3 


97 


2 


0.022 


102 


2.5 


0.06 


102 


230 


1 


1.3xl0~ 3 


51 


1.5 


3.7xl0~ 3 


79 


2 


l.lxlO -2 


86 


2.5 


0.027 


89 


250 


1.5 


2.8xl0~ 3 


66 


2 


7.7xl0~ 3 


72 


2.5 


0.018 


77 


280 


1.5 


2.7xl0~ 3 


41 


2 


5.2xl0~ 3 


55 


2.5 


0.011 


60 


4 


0.074 


67 


300 


2 


4.8xl0~ 3 


44 


2.5 


9.3xl0~ 3 


51 


4 


0.055 


59 


330 


2 


1.2xl0~ 2 


84 


2.5 


9.8xl0~ 3 


36 


4 


0.044 


48 


4.82 


0.09 


51 


350 


2.5 


0.024 


14 


4 


0.06 


41 


4.82 


0.11 


45 
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TABLE III. 3a upper bounds on CP-violating NP couplings from A c i rc asymmetry, using 

H — > ZZ — ► Z~/ + X decay and circularly polarized laser beams with P e = P e = — P 7 = — P 7 = ±1. 


m H (GeV) 


x 


upper limit on dsCy^ + cZs^ 


^2-averaged Events 




1 


5.7xl0" 4 


141 




1.5 


6xl0~ 4 


133 


200 


2 


6.2xl0" 4 


121 




2.5 


6.5xl0" 4 


112 




4 


7xl0~ 4 


95 




4.82 


7.3xl0" 4 


89 




1 


6.3xl0" 4 


49 




1.5 


4.2xl0" 4 


109 


240 


2 


4.3xl0" 4 


105 




2.5 


4.4xl0" 4 


99 




4 


4.7xl0" 4 


85 




4.82 


5xl0~ 4 


80 




1.5 


4.5xl0" 4 


55 




2 


3.7xl0" 4 


78 


280 


2.5 


3.7xl0" 4 


78 




4 


4xl0~ 4 


70 




4.82 


4xl0~ 4 


66 




2 


4.8xl0" 4 


31 


320 


2.5 


3.6xl0" 4 


53 




4 


3.5xl0" 4 


56 




4.82 


3.6xl0" 4 


54 




2.5 


6xl0~ 4 


15 


350 


4 


3.4xl0" 4 


45 




4.82 


3.4xl0~ 4 


46 
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TABLE IV. 3a upper bounds on CP-violating NP couplings from A c i rc asymmetry, using 
H — > ZZ — > l~l + X decay and circularly polarized laser beams with P e = P e = P 7 = P 7 = ±1. 


(GeV) 


x 


upper limit on dsCy^ + dsyy 


^2-averaged Events 




1 


7xl0~ 4 


94 




1.5 


6xl0~ 4 


128 


200 


2 


6xl0~ 4 


131 




2.5 


6.1xl0" 4 


125 




4 


6.8xl0" 4 


102 




4.82 


7.1xl0" 4 


92 




1 


10~ 3 


18 




1.5 


5.3xl0" 4 


68 


240 


2 


4.7xl0" 4 


86 




2.5 


4.6xl0" 4 


92 




4 


4.7xl0" 4 


85 




4.82 


5xl0~ 4 


80 




1.5 


8.1xl0" 4 


17 




2 


5.3xl0" 4 


39 


280 


2.5 


4.6xl0" 4 


51 




4 


4.3xl0" 4 


59 




4.82 


4.3xl0" 4 


58 




2 


10~ 3 


6 


320 


2.5 


6.3xl0" 4 


17 




4 


4.5xl0" 4 


34 




4.82 


4.4xl0" 4 


37 




2.5 


l.fixlO -3 


2 


350 


4 


5.5xl0" 4 


18 




4.82 


5xl0~ 4 


22 
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Figure 1: NSD for the A/j n -asymmetry, for various choices of the (g^c^ + ds^) combi- 
nation of couplings, using P t — 1 and x = 0.5 in a \^s ee = 0.5TeV Collider. 
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Figure 2: NSD for the A C j rc -asymmetry, for various choices of the (d B Cw + ds^) 
combination using: (a) P e = P e = — P 7 = — P 7 = ±1, x = 4.82 and y / s^I = mj//0.75; 
(b) P e = P e = P 7 = P 7 = ±1, x = 4 and = 0.57W. 
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Figure 3: The spectrum of the backscatterd photon; (a) overall flux, (b) average linear 
polarization of the backscattered photon along the direction it is maximized, and (c) 

average circular polarization. 
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